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Abstract 

Oxygen  reduction  on  unwetted  and  pre-wetted  platinum-dispersed  porous  carbon  electrodes  (Pt/C)  is  investigated  in  1  M  H2S04  solution 
at  room  temperature  by  using  a.c.  impedance  spectroscopy  in  combination  with  a  current-decay  transient  technique  (chronoamperometry). 
From  the  appearance  of  an  inductive  arc  in  Nyquist  plots  from  the  unwetted  Pt/C  electrode  specimen,  it  is  suggested  that  oxygen  reduction 
proceeds  via  formation  of  an  intermediate  state.  The  a.c.  impedance  spectra  are  also  obtained  from  the  Pt/C  electrode  in  85%  H3P04  solution 
at  140  °C,  with  and  without  oxygen  and  air  blowings.  In  both  cases,  an  inductive  arc  in  the  low-frequency  range  of  the  Nyquist  plots  is 
observed.  The  change  in  impedance  spectra  with  pre-wetting  treatment  of  the  Pt/C  electrode  specimen  in  1  M  H2S04  solution  and  the  alteration 
of  spectra  without  oxygen  and  air  blowings  in  85%  H3P04  solution  are  discussed  in  terms  of  the  Epelboin  model.  From  the  analysis,  it  is 
concluded  that  as  depletion  of  the  dissolved  oxygen  occurs  markedly  within  the  narrow  pores  of  the  Pt/C  electrode,  the  inductive  arc  moves 
towards  the  capacitive  arc  in  the  low-frequency  range.  The  results  of  current-decay  transients  strongly  suggest  the  occurrence  of  depletion  of 
the  dissolved  oxygen  within  the  narrow  pores. 
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1.  Introduction 

Platinum-dispersed  carbon  (Pt/C)  has  been  used  as  elec¬ 
trode  materials  for  phosphoric  acid  fuel  cells  ( PAFCs )  .Many 
studies  have  been  performed  [1-3]  in  order  to  increase  the 
operation  efficiency  and  life-time  of  PAFC  electrodes. 

Oxygen  reduction  on  a  PAFC  cathode  at  elevated  temper¬ 
ature  is  a  kinetically  slow  reaction.  It  is  generally  known  that 
sluggishness  of  oxygen  reduction  determines  the  operation 
efficiency  of  the  PAFC  [  1  ] .  Platinum  is  commonly  used  as 
a  catalyst  for  oxygen  reduction  in  PAFC.  Hence,  many 
researches  concerning  the  mechanism  and  kinetics  of  oxygen 
reduction  on  platinum  and  other  noble  metals  have  been  con¬ 
ducted,  mainly  by  using  the  rotating  ring  disc  electrode 
(RRDE)  technique  at  room  temperature  [4-6],  or  by  using 
cyclic  voltammetry  and  polarization  methods  at  140-180  °C 
[  1,7].  It  has  been  reported  that  oxygen  reduction  proceeds 
via  formation  of  an  intermediate  state,  viz.,  H-02  or  D202. 
The  former  [4—6]  and  latter  [1,7]  researchers  used  geomet- 
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rically  well-defined  smooth  noble-metal  electrodes,  respec¬ 
tively  as  the  working  electrode. 

The  RRDE  technique  cannot  be  applied  to  porous  electrode 
systems  at  elevated  temperature.  By  contrast,  a.c.  impedance 
spectroscopy  can  provide  a  wealth  of  information  on  the 
reaction  at  the  porous  electrode/electrolyte  interface  [8]. 
Armstrong  and  Henderson  [9]  and  Epelboin  et  al.  [  10]  have 
provided  mathematical  expressions  for  the  a.c.  impedance 
response  of  the  reactions  involving  intermediate  states.  It  is 
still  necessary,  however,  to  establish  the  a.c.  impedance  tech¬ 
nique  for  the  complex  pathway  reaction  on  the  porous 
electrode. 

The  present  work  aims  to  investigate  oxygen  reduction  on 
Pt/C  porous  electrodes  by  analysing  a.c.  impedance  spectra 
combined  with  current-decay  transients  (chronoampero- 
grams).  For  this  purpose,  a.c.  impedance  spectra  and  current- 
decay  transients  are  measured  on  unwetted  and  pre-wetted 
Pt/C  electrode  specimens  in  1  M  H2S04  solution  at  room 
temperature.  The  reaction  rate  constants  are  determined  from 
a.c.  impedance  spectra  by  using  a  complex,  non-linear,  least 
squares  (CNLS)  fitting  method.  The  changes  in  impedance 
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spectra  and  current-decay  transients  with  pre-wetting  treat¬ 
ment  on  Pt/C  electrode  specimens  are  discussed  on  the  basis 
of  the  Epelboin  model  [  10].  In  addition,  in  order  to  investi¬ 
gate  oxygen  reduction  under  actual  PAFC  operational  con¬ 
ditions,  the  impedance  spectra  are  obtained  from  a  fresh  Pt/ 
C  electrode  in  85%  H3P04  solution  at  145  °C,  with  and  with¬ 
out  oxygen  and  air  blowings.  The  effect  of  oxygen  and  air  on 
oxygen  reduction  is  compared  with  that  of  pre-wetting 
treatment. 


2.  Experimental 

Specimens  of  PTFE  (polytetrafluoroethylene) -bonded 
Pi/C  electrodes  were  prepared  as  follows.  First,  10  wt.%  Pt- 
dispersed  Vulcan  XC-72  carbon  black  powder  (Johnson 
Matthey,  70  wt.%)  and  PTFE  (30  wt.%)  emulsion  were 
mixed  in  distilled  water  with  ultrasonic  agitation.  The  mixture 
of  Pt-dispersed  carbon  black  powder  and  PTFE  emulsion  was 
pasted  onto  carbon  paper  (which  is  used  as  a  gas  supply 
layer)  and  then  dried  in  an  oven  at  120  °C  for  24  h  with 
passage  of  nitrogen  gas.  This  pasted  sheet  was  pressed  with 
2  MPa  pressure.  Finally,  ths.  Pt/C  electrode  specimen  (15 
mm  diameter  and  0.2  mm  thickness)  was  obtained  by  sinter¬ 
ing  at  330  °C  for  10  min  under  a  nitrogen  atmosphere.  The 
pre-wetted  Pt/C  specimen  was  prepared  by  wetting  the 
freshly  sintered  Pt/C  electrode  specimen  with  96%  H2S04 
solution  for  8  h  before  a.c.  impedance  and  current-decay 
transient  measurements.  By  means  of  this  pre-wetting  treat¬ 
ment,  electrolyte  may  infiltrate  deeply  into  the  narrow  pores 
of  the  Pt/C  electrode. 

Fig.  1  provides  a  schematic  view  of  the  specimen  holder. 
The  Pt/C  electrode  specimen  was  composed  of  two  layers: 
(i)  an  active  reaction  layer  and  (ii)  a  gas-supply  layer  which 
was  not  exposed  to  the  electrolyte. 


Current  Gas  Supply  Active 

Collector  Layer  Layer 

Fig.  1 .  Schematic  view  of  specimen  holder. 


The  experimental  apparatus  for  measuring  a.c.  impedance 
spectra  arid  current-decay  transients  is  presented  schemati¬ 
cally  in  Fig.  2.  Platinum  wire  was  used  as  a  current  collector. 

1  M  H2S04  and  85%  H3P04  solution  were  used  as  the  elec¬ 
trolytes.  It  is  noted  that  the  current  collector  was  not  exposed 
to  the  electrolyte.  A  platinum  net  and  a  saturated  calomel 
electrode  (SCE)  were  used  as  the  counter  electrode  and  the 
reference  electrode,  respectively.  The  reversible  hydrogen 
electrode  ( RHE)  was  used  as  the  reference  electrode  in  85% 
H3P04  solution  at  1 45  °C.  Unless  otherwise  stated,  the  poten¬ 
tials  in  the  present  work  are  reported  with  respect  to  a  RHE. 
The  corrosion  potential  of  the  Pt/C  carbon  electrode  speci¬ 
men  in  1  M  H2S04  solution  amounted  to  about  0.9  VRHE  at 
room  temperature. 

The  a.c.  impedance  measurements  were  performed  with  a 
ZAHNER  IM5d  impedance  spectrum  analyser  on  the  unwet¬ 
ted  and  pre-wetted  Pt/C  electrode  specimens  in  1  M  H2S04 
solution  at  various  applied  cathodic  electrode  potentials  of 
250, 300,  350, 450, 500  and  550  mV,  namely,  below  690  mV 
(standard  electrode  potential  for  the  formation  of  an  inter¬ 
mediate  state  H202)  at  room  temperature.  The  impedance 
spectra  were  also  obtained  from  a  fresh  Pt/C  electrode  in 
85%  H3P04  solution  at  145  °C;  the  applied  cathodic  electrode 
potentials  were  250, 300, 350, 450  and  500  mV.  An  alternat¬ 
ing  sinusoidal  signal  of  20  mV  peak-to-peak  is  superimposed 
on  the  d.c.  potential.  The  impedance  spectra  were  obtained 
in  the  frequency  range  between  1  mHz  and  1  MHz. 

In  addition,  the  current-decay  transient  measurement 
( chronoamperometry )  was  conducted  with  an  EG&G  poten- 
tiostat/galvanostat  model  273  on  the  unwetted  and  pre-wet¬ 
ted  Pt/C  electrode  specimens  in  1  M  H2S04  solution.  The 
Pt/C  electrode  specimen  was  first  exposed  to  the  open-circuit 
potential  for  1 20  s  from  which  its  electrode  potential  was  then 


Fig.  2.  Schematic  representation  of  the  experimental  apparatus  for  measuring 
a.c.  impedance  spectra  and  current-decay  transients. 
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dropped  to  250,  350,  450,  550  and  650  mV,  i.e.,  below  690 
mV  in  1  M  H2S04  solution  at  room  temperature.  From  this 
moment  the  resulting  current  was  recorded  with  time. 


3.  Results  and  discussion 

Fig.  3  presents  the  measured  impedance  in  the  Nyquist 
representation  for  the  unwetted  Pt/C  electrode  specimen  sub¬ 
jected  to  250, 300, 350, 450, 500  and  550  mV  in  1  M  H2S04 
solution.  One  does  not  observe  the  constant  phase  element 
(CPE)  due  to  the  porous  structure  of  the  electrode  and  that 
has  a  theoretical  slope  of  45°  in  the  high-frequency  range  of 
the  Nyquist  plot.  This  indicates  that  the  electrolyte  does  not 
infiltrate  into  the  narrow  pores  of  the  unwetted  Pt/C  elec¬ 
trode.  Thus,  oxygen  reduction  occurring  on  the  surface  of  the 
unwetted  Pt/C  electrode  contributes  mainly  to  the  resulting 
cathodic  current  of  the  a.c.  impedance  response.  For  the 
unwetted  Pt/C  electrode  subjected  to  potentials  from  250  to 
550  mV  (Fig.  3),  one  high-frequency  capacitive  arc  and  one 
low-frequency  inductive  arc  i  re  observed.  The  occurrence  of 
the  low-frequency  inductive  arc  suggests  that  oxygen  reduc¬ 
tion  proceeds  via  formation  of  intermediate  states  on  the 
unwetted  Pt/C  electrode  specimen.  The  magnitude  of  the 
overall  impedance  increases  with  decreasing  overpotentia! 
for  oxygen  reduction. 

The  Nyquist  plots  for  oxygen  reduction  on  the  pre-wetted 
Pt/C  electrode  specimen  subjected  to  250, 300, 350, 450, 500 
and  550  mV  in  1  M  H2S04  solution  are  presented  in  Fig.  4. 
In  contrast  to  the  unwetted  Pt/C  electrode  specimen,  the 
impedance  spectra  obtained  from  the  potential  range  250  to 
550  mV  consist  of  the  CPE  with  a  slope  of  45°,  one  high 
frequency  capacitive  arc,  and  one  low-frequency  capacitive 
arc.  The  appearance  of  the  CPE  in  the  high-frequency  range 
shows  that  the  electrolyte  infiltrates  into  the  narrow  pores  of 
the  pre-wetted  Pt/C  electrode  specimen.  Considering  that  the 
overall  impedance  value  of  the  pre-wetted  Pt/C  electrode 
specimen  is  smaller  by  three  orders  in  magnitude  than  that  of 
the  unwetted  Pt/C  electrode  specinen,  oxygen  reduction  that 


Real  Impedance  /  kn 

Fig.  3.  Nyquist  plots  for  oxygen  reduction  on  unwetted  Pt/C  electrode  in 
1  M  H2S04  subjected  to  various  applied  potentials:  (O)  250  mV;  (□)  300 
mV;  (A)  350  mV;  (•)  450  mV;  (■)  500  mV.  and  (A)  550  mV. 


Real  Impedance  /  Cl 

Fig.  4.  Nyquist  plots  for  oxygen  reduction  on  pre-wetted  Pt/C  electrode  in 
1  M  H.SOj  subjected  to  various  applied  potentials:  (O)  250  mV;  (□)  300 
mV;  (A)  350  mV;  (•)  450  mV;  (■)  500  mV.  and  (A)  550  mV. 

occurs  within  the  narrow  pores  contributes  mainly  to  the 
resulting  cathodic  current  of  the  a.c.  impedance  response. 
The  inductive-to-capacitive  transition  in  the  impedance  spec¬ 
tra  with  pre-wetting  treatment  implies  a  change  in  the  mech¬ 
anism  and  the  kinetics  of  oxygen  reduction. 

It  is  well  known  that  oxygen  reduction  occurs  via  complex 
pathways  that  involve  the  formation  of  intermediate  states 
[  1 ,4-6] .  In  the  present  work,  it  is  postulated  that  below  0.67 
V  (versus  SHE),  oxygen  reduction  on  the  unwetted  and  pre- 
wetted  Pt/C  electrode  specimens  takes  place  according  to 
following  reaction  mechanism  that  involves  the  intermediate 
H202 


K ! 

^(dissolved)  +  2H  +  +2e  ->  H202 
£°= 0.67  V  (versus  SHE)  (1) 


and 


Kl 

H202  +  2H  T  +  2e  ~  -*  2H20 

£°=  1.77  V  (versus  SHE)  (2) 


where  K ,  and  K2  are  the  electrochemical  rate  constants  of 
reactions  (1)  and  (2),  respectively,  and  £°  is  the  standard 
electrode  potential. 

A  mathematical  expression  for  faradaic  impedance,  Zf,  of 
a  reaction  that  involves  an  intermediate  state  has  been 
advanced  by  Epelboin  et  al.  [  10].  In  this  work,  the  faradaic 
impedance  is  expressed  as  follows 


i_! 

Zf~R,+ 


Q 

1  +  j(OT 


j=r~i 


(3) 


using  the  abbreviations: 
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[aH.]2(Ar1C02  +  /3ATJ) 

*|= _ I _ 

2  F[aH+ ]  2{fc0,(  1  -  Ss)  + 

and 

1  dAT, _ 1  dft2\ 

AT,  dV  AT2  d vj 

X  AT,A:2[«„-  ]4C02|2F(  AT,Co2-  pK2) 

v/here  /?,  represents  the  charge-  transfer  resistance,  w  the  angu¬ 
lar  frequency,  r  the  relaxation  time,  ft  the  maximum  concen¬ 
tration  of  an  intermediate  state  on  the  electrode  surface, 
[uH*  ]  the  activity  of  proton,  C02  the  concentration  of  the 
dissolved  oxygen  in  electrolyte  within  the  narrow  pores,  F 
the  Faraday  constant,  V  the  overpotential,  0S  the  coverage  of 
an  intermediate  state  on  the  electrode  surface  at  a  steady  state. 
Q  is  called  the  effective  impedance  and  is  given  as  a  function 
ofV,  [aH,  ]  and  Coj- Considering  Eq.  (3),  it  is  generally  said 
that  if  the  Q  value  is  positive,  two  capacitive  arcs  emerge  in 
the  Nyquist  plot.  Otherwise  if  the  Q  value  is  negative,  one 
capacitive  arc  and  one  inductive  arc  appear  in  the  Nyquist 
representation.  For  the  unwetted  and  pre-wetted  Pt/C  elec¬ 
trodes,  the  sign  of  the  value  of  Q  is  determined  by  the  sign 
of  the  quantities  in  the  first  and  second  parentheses. 

Assuming  that  the  rates  of  reactions  ( 1 )  and  (2)  obey  the 
Tafel  law,  the  electrochemical  rate  constants  AT,  and  K2  are 
expressed,  respectively,  as 

Kt  =kt  expfA-.V)  and  K2=k2  cxp(b2V)  (4) 

where  k,  and  k2  are  the  chemical  rate  constants,  and  bx  and 
b2  are  the  inverse  of  the  Tafel  slopes  of  reactions  ( 1 )  and 
(2),  respectively.  The  Q  value  is  then  given  by 

Q=  -{by-bJKtKAa^YCoqpFiKtCot-pKJ  (5) 

Now  let  us  determine  the  sign  of  the  first  and  second  paren¬ 
theses.  The  applied  potential  is  more  cathodic  with  respect  to 
the  standard  potential  of  reaction  (2)  than  with  respect  to  the 
standard  potential  of  reaction  ( 1 )  during  the  a.c.  impedance 
measurement.  Therefore,  it  is  expected  that  the  rate  of  reac¬ 
tion  (2)  approaches  the  higher  cathodic  current  in  the  com¬ 
bined  Tafel  and  limiting  current  regions  owing  to  the  higher 
applied  cathodic  potential  with  respect  to  reaction  (2).  This 
means  the  value  b2  is  much  smaller  than  the  value  bt  in  the 
potential  range  of  this  work.  Hence,  the  sign  of  the  quantity 
in  the  first  parenthesis  is  always  positive  for  the  unwetted  and 
pre-wetted  specimens,  irrespective  of  the  values  of  V, 
[«H- ]  and  Cq,  employed  in  this  work. 

The  sign  of  the  second  parenthesis  is  determined  by  the 
values  of  K{ ,  K2,  /3  and  Co,  employed  in  this  work.  The  values 
of  Kx  and  K2  depend  mainly  upon  the  value  of  V. 


Applied  Potential  /  V^jg 

Fig.  5.  Fitted  parameters  of  (a)  AT,  and  (b)  K2  as  a  function  of  applied 
potential  for  unwetted  Pt/C  electrode  specimen. 


The  value  of  p  is  assumed  to  have  a  half  of  the  theoretical 
value  of  adsorbed  hydrogen  on  palladium  [8] .  The  Cq,  value 
in  the  bulk  electrolyte  is  taken  as  the  solubility  limit  of  oxygen 
in  1  M  H2S04  solution  [8] .  On  the  other  hand,  the  Co,  value 
in  the  electrolyte  within  the  narrow  pores  is  calculated  by 
considering  the  double-layer  capacitance  and  cathodic  cur¬ 
rent  determined  from  the  a.c.  impedance  spectra  and  cathodic 
polarizaiion  curves  of  this  work,  respectively. 

The  CNLS  (complex  non-linear  least  squares)  fitting 
method  was  applied  on  the  measured  impedance  spectra  to 
determine  the  values  of  Kx  and  K2.  Fig.  5  shows  the  potential 
dependence  of  fitted  values  of  K,  and  K2  for  the  unwetted 
Pt/C  electrode  specimen.  The  value  of  Kx  increases  with 
decreasing  applied  potential.  The  value  of  Af2,  however,  is 
independent  of  applied  potential.  This  is  probably  due  to  the 
very  small  value  of  b2.  As  shown  in  Fig.  6,  the  values  of  AT( 
and  K2  for  the  pre-wetted  specimen  are  smaller  and  exhibit 
less  potential  dependence  than  those  for  unwetted  specimen, 
which  arises  from  the  activation  effect  (elimination  of  impu¬ 
rities,  passivating  surface  oxide,  etc.)  of  pre- wetting  treat¬ 
ment  in  highly  concentrated  sulfuric  acid.  The  orders  of 
magnitude  of  AT,  and  K2  are  in  good  agreement  with  reported 
values  that  have  been  evaluated  by  the  RRDE  technique  [11]. 

In  order  to  determine  the  sign  of  the  second  parenthesis 
term,  we  take  the  reasonable  values  of  AT,  =6.0 X 10-6  m2 
s-1  [11]  for  the  unwetted  and  pre-wetted  specimens, 
K2=  1.45X  10-3  m2  s~‘  [11]  for  the  unwetted  and  pre- 
wetted  specimens,  /3~  3.95  X 10-7  mol  cm-2  for  the  unwet¬ 
ted  and  pre-wetted  specimens,  Cq,  =  1 X  10~6  mol  cm-3  for 
the  unwetted  specimen,  and  C0,  =  1 X  \  0" 8  mol  cm-3  for  the 
pre-wetted  specimen.  As  a  result,  the  unwetted  specimen 
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Fig.  6.  Fitted  parameter  of  ( a )  AT,  and  ( b )  Af2  as  a  function  of  applied  potential 
for  pre-wetted  Pt/C  electrode  specir.<en. 


gives  a  positive  sign  for  the  second  parenthesis  term.  By 
contrast,  the  pre-wetted  specimen  provides  a  negative  sign. 

It  should  be  noted  that  the  0)2  value  from  the  pre-wetted 
specimen  is  lower  than  that  from  the  unwetted  specimen  by 
two  orders  in  magnitude.  This  indicates  the  limited  supply  of 
the  dissolved  oxygen  through  the  electrolyte  within  the  nar¬ 
row  pores  of  that  specimen.  The  rate  of  proton  diffusion  from 
the  bulk  electrolyte  to  the  narrow  pores  is  considered  to  be 
much  faster  than  that  of  the  dissolved  oxygen.  Thus,  there  is 
an  unlimited  supply  of  protons  for  oxygen  reduction. 

Finally,  it  is  concluded  that  the  Q  value  has  a  positive  sign 
for  the  unwetted  specimen  in  the  V, ,  [aH»]  and  C02  ranges 
investigated.  On  the  other  hand,  the  Q  value  has  a  negative 
sign  for  the  pre-wetted  specimen.  The  occurrence  of  one 
capacitive  arc  and  one  inductive  arc  at  the  unwetted  Pt/C 
electrode  specimen,  and  two  capacitive  arcs  at  the  pre-wetted 
Pt/C  electrode  specimen,  can  be  accounted  for  in  terms  of 
the  sign  of  the  Q  value  based  upon  the  proposed  model.  The 
sign  and  magnitude  of  the  Q  value  determine  the  feature  and 
size  of  the  a.c.  impedance  spectra,  as  determined  by  the 
applied  potential. 

The  Nyquist  plots  for  oxygen  reduction  on  the  fresh  Pt/C 
electrode  specimen  subjected  to  250, 300, 350, 450  and  500 
mV  in  8'%  H3P04  solution  at  145  °C,  with  and  without 
oxygen  and  air  blowings,  are  shown  in  Fig.  7.  The  Pt/C 
electrode  was  satisfactorily  wetted  in  85%  H3P04  solution  at 
145  °C.  The  high-frequency  capacitive  arc  and  the  low-fre¬ 
quency  inductive  arc  appear  in  the  presence  of  oxygen  and 
air.  By  contrast,  the  two  capacitive  arcs  appear  in  the  absence 
of  oxygen  and  air.  By  comparison  with  the  impedance  spectra 
obtained  in  1  M  H2S04  solution  at  room  temperature,  the 


Fig.  7.  Nyquist  plots  for  oxygen  reduction  on  fresh  Pt/C  electrode  subjected 
to  various  applied  potentials:  (O)  250  mV;  (□)  300  mV;  (A)  350  mV; 
(•)  450  mV.  and  (■)  500  mV;  85%  H,P04  solution  at  145  °C  with  (a) 
oxygen  blowing,  (b)  air  blowing,  and  (c)  without  gas  (oxygen  or  air) 
blowing. 

effect  of  oxygen  or  air  blowings  on  oxygen  reduction  in  85% 
H3P04  solution  at  145  °C  seems  to  be  the  same  as  that  effect 
of  using  the  unwetted  specimen  in  1  M  H2S04  solution  at 
room  temperature.  This  result  strongly  supports  the  conclu¬ 
sion  that  limited  supply  of  oxygen  through  narrow  pores  gives 
an  inductive  arc  instead  of  a  capacitive  arc.  From  this  result, 
it  is  thought  that  with  oxygen  and  air  blowings,  the  concen¬ 
tration  of  dissolved  oxygen  in  the  narrow  pores  is  more  or 
less  sufficient  to  transform  the  inductive  arc  into  the  capaci¬ 
tive  arc  in  the  resulting  Nyquist  plots. 

Fig.  8(a)-(e)  presents  cathodic  current-decay  transients 
obtained  from  the  pre-wetted  Pt/C  electrode  specimen  sub¬ 
jected  to  250,  350, 450, 550  and  650  mV,  respectively,  in  1 
M  H2S04  solution.  The  resulting  cathodic  current  decreases 
down  to  the  current  minimum  at  the  time,  tm,  and  then 
increases  with  time,  followed  by  attaining  the  steady-state 
value.  The  tm  value  decreases  with  decreasing  applied  poten¬ 
tial.  It  should  be  noted  that  a  local  current  minimum  was 
observed  in  the  initial  current  decay  in  Fig.  7(c)— (e).  This 
is  probably  due  to  noise  that  originates  from  non-uniform 
distribution  of  the  electrolyte  within  the  narrow  pores. 
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Fig.  8.  Current-decay  transients  obtained  from  pre- wetted  Ft/C  electrode  in  1  M  H2S04  subjected  to  various  applied  potentials:  (a)  250  mV;  (b)  350  mV;  (c) 
450  mV;  (d)  550  mV,  and  (e)  650  mV. 


The  occurrence  of  the  current  minimum  can  be  explained 
in  terms  of  the  limited  supply  of  the  dissolved  oxygen  to  the 
narrow  pores  in  the  following  way.  At  the  early  stage  of  the 
current  decay,  i.e.  before  f=fm,  the  dissolved  oxygen  is 
depleted  within  the  narrow  pores  because  of  the  restricted 
diffusion  and,  thus,  the  cathodic  current  decreases  with  time. 
At  a  later  stage,  i.e.  t  >  rm,  the  dissolved  oxygen  is  replenished 
within  the  pores  to  give  a  steady-state  oxygen  concentration 


in  the  electrolyte  within  the  pores  and,  thus,  the  cathodic 
current  increases  progressively.  The  current-decay  transient 
with  a  current  minimum  is  in  accordance  with  the  observed 
a.c.  impedance  with  two  capacitive  arcs,  as  already  discussed 
in  terms  of  the  sign  of  the  Q  value. 

In  contrast,  it  is  confirmed  that  the  current-decay  transient 
obtained  from  the  unwetted  Pt/C  electrode  specimen  obeys 
the  usual  logarithmic  rate  law,  similar  to  that  ff  om  the  smooth 
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platinum  electrode.  There  is  an  almost  unlimited  supply  of 
the  dissolved  oxygen  from  the  bulk  electrolyte  to  the  elec¬ 
trode  surface  for  oxygen  reduction  on  the  unwetted  specimen. 


4.  Conclusions 

The  present  work  is  concerned  with  analysis  of  impedance 
spectra  of  oxygen  reduction  on  unwetted  and  pre-wetted 
PTFE-bonded  Pt/C  electrode  specimens  at  various  applied 
cathodic  potentials  in  1  M  H2S04  solution  at  room  tempera¬ 
ture,  and  in  85%  H3P04  solution  at  145  °C.  The  current-decay 
transients  (chronoamperograms)  in  1  M  H2S04  solution  at 
room  temperature  are  measured  in  order  to  clarify  the  effect 
of  the  porous  structure  of  the  electrode  specimen  on  the  result¬ 
ing  impedance  spectra.  The  porous  structure  is  embodied  by 
previously  wetting  the  Pt/C  electrode  specimen.  The  follow¬ 
ing  conclusions  are  drawn. 

1.  From  analysis  of  the  a.c.  impedance  measurements  based 
on  the  Epelboin  model  [  10], it  is  concluded  that  the  impe¬ 
dance  spectra  change  from  a  capacitive  arc  and  an  induc¬ 
tive  arc  to  two  capacitive  arcs,  as  depletion  of  dissolved 
oxygen  within  the  narrow  pores  becomes  appreciable. 
This  results  in  changes  in  the  mechanism  and  the  kinetics 
of  oxygen  reduction  on  the  electrode  in  1  M  H2S04  solu¬ 
tion  at  room  temperature. 

2.  The  orders  of  magnitude  and  potential  dependence  of  fit¬ 
ted  values  of  K ,  and  K2  are  in  good  agreement  with 
reported  values  that  have  been  obtained  with  the  RRDE 
technique.  From  these  results,  it  is  considered  that  the 
Epelboin  model  of  the  electrochemical  reaction  with  an 
intermediate  state  describes  satisfactorily  the  oxygen 
reduction  on  Pt/C  electrode. 

3.  In  85%  H3P04  solution  at  145  °C,  two  capacitive  arcs 
appear  in  the  absence  of  oxygen  and  air  blowings.  By 
contrast,  one  capacitive  and  one  inductive  arc  appear  in 
the  presence  of  oxygen  and  air.  From  this  result,  it  is 
confirmed  that  the  transition  of  the  capacitive  arc  to  an 


inductive  arc  is  caused  by  the  limited  supply  of  dissolved 
oxygen  within  the  narrow  pores. 

4.  Current-decay  transients  obtained  from  the  pre-wetted 
Pt/C  electrode  specimen  showed  a  current  minimum  that 
is  probably  due  to  the  restricted  diffusion  of  the  dissolved 
oxygen  through  the  electrolyte  within  the  narrow  pores. 
The  transition  in  current-decay  transients  with  pre-wetting 
treatment  is  consistent  with  the  inductive  to  capacitive 
transition  in  the  a.c.  impedance  spectra. 
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